Effects of some dietary o-dihydroxyphenols on biochemical markers of oxidative stress within tissues of Sitobion avenae (Fabricius), (Homoptera, Aphididae) and Rhopalosiphum padi (Linnaeus), (Homoptera, Aphididae) has been studied. Among the studied aphid morphs the highest concentration of total thiols, hydrogen peroxide and lipid peroxidation products (TBARS) was noted for winged adults (alatae). Higher content of H 2 O 2 was observed within tissues of the oligophagous species R. padi while the monophagous species S. avenae had higher TBARS and total thiols concentration. Aphids exposed the dietary pro-oxidative o-dihydroxyphenols (quercetin, caffeic acid, chlorogenic acid) demonstrated significantly lower concentration of total sulfhydryls and higher level of TBARS and H 2 O 2 than the control ones. Among the studied compounds, chlorogenic acid showed the strongest effect on the level of thiols and TBARS while caffeic acid caused the highest accumulation of the hydrogen peroxide within the aphid tissues.
INTRODUCTION
Oxidative stress in all aerobic organisms including herbivorous insects is caused by reactive oxygen species (ROS), such as superoxide anion radical (O 2 -), hydrogen peroxide (H 2 O 2 ) and hydroxyl radical (⋅OH). Reactive oxygen species are produced by endogenous sources (autoxidizable molecules, activity of oxydoreductases, electron transport chain) and exogenous ones (pro-oxidant compounds, photodynamic reactions). Most of the exogenous factors belong to pro-oxidant allelochemicals produced by plants such as acetophenones, β-carboline alkaloids, furanocoumarins, tio-phenes, polyacetylenes, o-dihydroxyphenols and quinones [6, 10] . Among them only phenolic compounds may be metabolically activated to a very reactive semiquinone radicals, which in turn react with molecular oxygen to generate superoxide anion [1, 15] . The formation of O 2 -may evoke the cascade of other reactive oxygen species and results in alterations within structures of macromolecules such as DNA, protein and lipids. Hydroxyl radical is the main factor of free-radical toxicity because it is able to initiate lipid peroxidation. Lipid hydroperoxides may undergo transitional metal-catalysed reactions producing highly reactive aldehydes and ketones called thiobarbituric acid reactive substances (TBARS) [21] . For phytophagous insects, lipid peroxidation is especially harmful, since lipids are not only cell membrane components, but also play other specific physiological functions as juvenile hormones or pheromones [9] .
Hitherto most of the research related to oxidative stress within herbivores have focused mostly on leaf-chewing insects, but little is known about this process in sucking-piercing insects including aphids. The previous work conducted on Lepidoptera larvae pointed out ability of the phenolic compounds to induce oxidative stress in vivo [5, 17, 28] . Thus the aim of the present study was to investigate prooxidant properties of the o-dihydroxyphenols towards two species of the cereal aphids: oligophagous bird cherry-oat aphid, Rhopalosiphum padi (L.) and monophagous grain aphid, Sitobion avenae (F.). The oxidative stress was assessed with generation of the hydrogen peroxide, total content of the thiols and the lipid peroxidation products (TBARS).
MATERIAL AND METHODS

Aphids
The insects came from the aphid stock cultures kept at the University of Podlasie at Siedlce. The aphids were reared on seedlings of winter wheat cv. Tonacja, in a climatic chamber at 22°C and photoperiod L16:D8. Experiments were conducted on various morphs of the grain aphid and the bird cherry-oat aphid such as wingless adults (apterae),winged adults (alatae) and larvae.
Effect of phenolic compounds on H 2 O 2 , TBARS and total -SH content
The influence of three o-dihydroxyphenols: quercetin, caffeic acid, and chlorogenic acid on the concentration of hydrogen peroxide, lipid peroxidation products and total thiols within aphid bodies was determined by placement starved apterae morphs on agarose-sucrose gels (1.25% agarose-30% sucrose) containing the tested chemicals and allow to probe it. The tested phenolics were prepared in 4% ethanol solutions and added to the gels (for the control gel only solvent was added) so the final concentrations of the tested phenolics were 0.001%, 0.01% and 0.1%. After 12 hours of the gels probing, the aphids were collected and changes in the content of H 2 O 2 , TBARS and total -SH were assayed, in comparison to control aphids that were placed on agarose-sucrose gels avoided of the tested chemicals.
Preparation of aphid homogenates
Batches of 100 collected aphids were placed in 50 mM K-phosphate buffer pH 7.0 (for hydrogen peroxide and total thiols assays) or in 1% phosphoric acid (for TBARS assay), and then homogenized for 5 min at 0 °C by using Ultra-Turrax T25 homogenizer (Janke & Kunkel, Staufen, Germany). The homogenates were filtered through two layers of cheesecloth and centrifuged at 3000 g for 15 min. The pellets were discarded and the supernatants were used to assay of studied oxidative stress markers.
Hydrogen peroxide assay
The concentration of hydrogen peroxide was determined according to Green & Hill [12] , based on the reaction of 4-aminoantipyrine and phenol with H 2 O 2 , catalysed by peroxidase. Thereby a coloured product (chinonimin) was formed that was determined spectrophotometrically. The reaction mixture consisted of 1 ml of reagent contained 4 mM of 4-aminoantipyrine, 24 mM of phenol, 0.4 U/ml of peroxidase dissolved in 0.1 M phosphate-buffer pH 7.0 and 0.3 ml of aphid homogenates. After addition of homogenates the reaction mixture was incubated at 25 °C for 10 min and the absorbance was measured at 510 nm against blank contained 0.3 ml of distilled water instead of the aphid homogenate. The hydrogen peroxide content was calculated from a calibration curve prepared for this standard and expressed in nmol per mg protein.
Total thiols assay
Total content of all thiol groups (sulfhydryls) within the aphid homogenates was determined with Ellman reagent [5,5'-dithiobis-(2-nitrobenzoic acid)], that formed colour complexes with -SH groups [25] . The assay was run as follows, 0.1 ml of the aphid homogenates were mixed with 0.8 ml of 0.2 M phosphate buffer pH 8.2 and 0.1 ml of 6 mM Ellman reagent and incubated for 10 min at room temperature. After the incubation time, the absorbance of the samples was measured at 412 nm against the blank contained 0.1 ml of 0.2 M phosphate buffer pH 7.0 instead of the aphid homogenate. The concentration of the total thiols was calculated from calibration curve prepared for glutathione and expressed in nmol per mg protein.
TBARS assay
The content of the thiobarbituric acid reactive substances (TBARS) was measured by modification of the Halliwell & Gutteridge [13] method. The sample contained 1 ml of the aphid homogenate, 1 ml of 37% thiobarbituric acid (TBA) in 0.25 M HCl and 1 ml of 15% trichloroacetic acid (TCA). At the same time, two controls were prepared. The first one contained 1 ml of distilled water instead of the aphid homogenate and the second one where TBA was replaced with 1 ml of distilled water. The all mixtures were then placed in a boiling water bath for 60 min. After cooling, the mixtures were centrifuged and the absorbance of supernatants was measured at 535 nm against the first control. The value obtained for the second control was substracted from absorbance reading for the sample. The concentration of TBARS was calculated using an extinction coefficient of 156 mmol · l -1 · cm -1 .
Protein assays
The protein content in the studied aphid supernatants was determined using the method given by Bradford [8] .
Statistics
All data were reported as mean ± SD, n = 4, where each n represents a separate supernatant from the aphid tissues. Results of the experiments were also subjected to analysis of variance (ANOVA) followed by the Duncan's multiple test.
RESULTS
The level of the oxidative stress markers within various morphs of the cereal aphids
Experiments showed slight differences in the content of the hydrogen peroxide, total thiols and TBARS within homogenates of the studied aphid morphs. The highest H 2 O 2 and total thiol concentration was recorded for the winged adults (alatae) of each aphid species (Table 1) . The hydrogen peroxide winged migrants had 2-fold higher content of this radical in comparison to larvae. This was also true for the TBARS, where differences in level of the lipid peroxidation products within tissues of such morphs of the S. avenae were even bigger. The oligophagous species R. padi, which change the hosts between woody plants and grasses, had lower concentration of the total thiols and lipid peroxidation products than S. avenae, confined to grasses. Only wingless apterae of both aphid species possessed comparable level of TBARS.
Opposite tendency was noted for the hydrogen peroxide since the higher content of H 2 O 2 was recorded for the oligophagous bird cherry-oat aphid (Table 1) . Effect of the studied plant o-dihydroxyphenols on the hydrogen peroxide generation
Aphids exposed to the all dietary phenolic compounds demonstrated significantly higher level of hydrogen peroxide than the control insects. The increase of the H 2 O 2 content within the cereal aphids was associated with concentration of the applied phenolics. The highest induction of the H 2 O 2 generation was observed within tissues of the insects probed into the gels containing tested phenolics at concentration 0.1% (Table 2) . Among the studied o-dihydroxyphenols, caffeic acid showed the strongest effect on level of H 2 O 2 within aphid tissues. This allelochemical at the lowest concentration (0.001%) stronger affected level of hydrogen peroxide within the cereal aphid tissues than other studied phenolics even at the highest dose. Quercetin and chlorogenic acid caused higher generation of hydrogen peroxide within the grain aphid tissues than the bird cherry-oat aphid, in comparison to the control insects ( Table 2) .
Effect of the studied plant o-dihydroxyphenols on the TBARS content
The content of lipid peroxidation products increased after exposure in all tested odihydroxyphenols and was concentration-dependent. At the lowest concentration of the phenolics (0.001%) the TBARS content increased slightly, instead the higher concentrations caused much higher lipid peroxidation within the cereal aphid tissues (Table 3) . Among studied o-dihydroxyphenols, chlorogenic acid at the higher concentrations showed the strongest effect on content of the TBARS within tissues of the cereal aphids. The quercetin and caffeic acid induced production of higher content of the TBARS within the grain aphid tissues whereas the chlorogenic acid showed similar effect on concentration of the lipid peroxidation products within tissues of both studied aphid species (Table 3) .
Effect of the studied plant o-dihydroxyphenols on the total thiols content All studied allelochemicals caused depletion of total sulfhydryls within the cereal aphid tissues. Quercetin and chlorogenic acid affected level of the -SH groups in the grain aphid much stronger than in the bird cherry-oat aphid. At the highest concentration (0.1%) chlorogenic acid decreased content of the total sulfhydryls within tissues of S. avenae more than 3-fold in comparison with control aphids. In case of the caffeic acid-treated insects the higher depletion of total thiols was noted for the bird cherry-oat aphid (Table 4 ).
DISCUSSION
Results of the above experiments pointed out the pro-oxidant properties of the plant o-dihydroxyphenols towards the studied aphid species. In earlier investigations, phenolic compounds were recognized as an important group of plant allelochemicals to the cereal aphids [19] . Monitoring the aphid stylet pathways within plant tissues using electrical penetration graphs (EPG) method showed that caffeic acid reduced the duration of probing and decreased salivation and ingestion from sieve elements [20] . Todd et al. [29] proved that o-dihydroxyphenols, such as catechol, quercetin, caffeic acid and chlorogenic acid, strongly reduced fecundity and survival of larvae of the greenbug, Schizaphis graminum. A variety of negative consequences related to oxidation of the ingested phenolic compounds have been demonstrated, including damage to midgut epithelial proteins and lipids, as well as decrease in ascorbate levels [7, 28] , lethal deformations [4] and reduced availability of essential amino acids [11] . Krishnan and Kodrik [17] and Krishnan and Sehnal [18] showed that plant phenolics caused a burst of reactive oxygen species and elicit the antioxidant defence within gut tissues of the Spodoptera littoralis. Summers and Felton [28] indicated that the largest effect on lipid peroxidation and protein oxidation showed phenolics that have two ionizable hydroxyl groups at the aromatic ring. The importance of this structural feature is associated with its high ability to redox cycle and generation of the reactive oxygen species. Among the studied allelochemicals the strongest effect on the lipid peroxidation and depletion of total thiols was exerted by the chlorogenic acid whereas caffeic acid caused the highest accumulation of the hydrogen peroxide within the cereal aphid tissues. Previous studies indicated that trans-cinnamic acid derivatives may produce the toxic reactive oxygen species [2, 14, 16] . Moreover, it was demonstrated that larvae of Helicoverpa zea (Lepidoptera, Noctuidae) exposed to dietary caffeic acid and chlorogenic acid demonstrated significantly higher level of the lipid peroxidation products as well as higher content of free amine groups and protein disulfides than the control insects [28] . The previous studies also demonstrated the highest depletion of the protein sulfhydryls within the cereal aphids under trans-cinnamic acid derivatives treatment [24] . Such decrease in content of the protein -SH groups might have serious functional consequences, including catalytic inactivation and decrease of antioxidative capacity [26] . In our previous experiments the tested phenolics showed also reduction in activity of antioxidant enzymes and depleted the content of lowmolecular-weight antioxidants within the cereal aphid tissues [22, 23] . All of these results are in line with hypothesis that oxidative stress within the herbivorous insects might be caused by dietary phenolics [28] .
The bird cherry-oat aphid and the grain aphid showed different sensitivity to the toxic phenolic compounds. Generally, higher level of the oxidative stress markers was noted for S. avenae. Our previous work related to damages of protein thiol groups by various derivatives of the trans-cinnamic acid, benzoic acid and flavonoids showed higher decrease of the sulfhydryls within proteins of S. avenae [24] . These differences in relation to pro-oxidant properties of the plant o-dihydroxyphenols might be associated with different life cycle of the studied aphid species. R. padi belongs to oligophagous insects, which feed on a wide range of host plants and thus can meet a wider variety of plant allelochemicals than monophagous grain aphid.
Among the studied aphid morphs the highest content of hydrogen peroxide and lipid peroxidation products was observed within the tissues of winged migrants. Sohal & Allen [27] proved that the rate of oxygen consumption increases by 60-100 fold during flying and it is associated with an increase in production of the reactive oxygen species. Moreover, migrants are expansive forms of the aphids that colonise new host plants thus probably they more often have to penetrate through cell walls of peripheral plant tissues where the phenolic compounds are located [30] .
The oligophagous species R. padi, which change the hosts between woody plants and grasses, showed higher concentration of hydrogen peroxide than monophagous species S. avenae. However, R. padi had higher activity of catalase and ascorbate peroxidase that decompose toxic hydrogen peroxide and protect the aphid from negative consequences of the oxidative stress [23] . Diverse results were obtained for two species of grasshoppers, where polyphagous Mellanoplus sanquinipes had comparable activity of antioxidant enzymes as the graminovorous Aucolara ellioti [3] . The higher concentration of total thiols within the grain aphid tissues suggests that in antioxidant defence mechanisms of the S. avenae non-enzymatic antioxidants play a crucial role while for R. padi antioxidant enzymes system have greater importance [22] .
In conclusion, the results presented here demonstrate that the plant o-dihydroxyphenols are able to modulate the studied biochemical markers of the oxidative stress within tissues of the cereal aphids. This was evidenced by an increase of lipid peroxidation products and accumulation of hydrogen peroxide as well as a depletion of total thiol groups within the studied cereal aphid tissues.
